The mosquito, Culex tarsalis, is a key vector species in the western United States due to its role in transmission of zoonotic arboviruses that affect human health. Extensive research has been conducted on Cx. tarsalis ecology, feeding behavior, vector competence, autogeny, diapause, genetics, and insecticide resistance. However, the lack of a published reference genome has limited genomic analyses for this species, although a previous population genetic analysis of microsatellite allele frequencies across the western U.S. identified three geographic clusters. Salivary gland-specific gene expression has also revealed genes involved in blood feeding. To facilitate genomic studies in this important vector species, we have assembled and annotated a reference genome (CtarK1) based on PacBio HiFi reads from a single male and 10X linked-reads. Genome completeness was 71.5% based on the Benchmarking Universal Single-Copy Orthologs (BUSCO) tool and the N50 was 59 kb. The largest contig was 5.7Mb, including 678kb of unknown bases. CtarK1 is 37% larger than Cx. quinquefasciatus (800Mb vs. 579Mb); a difference that is largely transposable elements. Using the Cx. tarsalis transcriptome and protein sequences from Culex quinquefasciatus, 15,682 genes were annotated in the CtarK1 genome. Based on full mitochondrial genome alignments we present a Bayesian phylogeny and estimate the divergence time from Culex quinquefasciatus at 13 MYA (+/-4).
Introduction
The mosquito, Culex tarsalis, is one of the most important vectors in the western United States due to its capacity to transmit several arboviruses that cause disease in humans and horses. In agricultural areas, it is the principal vector for West Nile virus (Goddard et al. 2002; Reisen 2013) , and such areas have the highest incidence of West Nile virus disease. Extensive research has been done on Cx. tarsalis ecology (Reisen 2012), feeding behavior (Thiemann et al. 2012; Reisen et al. 2013) , vector competence (Kramer et al. 1981; Reisen et al. 2014) , autogeny (Spadoni et al. 1974; Reisen 1995) , diapause (Reisen 1986; Buth et al. 1990; Reisen et al. 1995) , and insecticide resistance (Ziegler et al. 1987) .
The lack of a published reference genome has limited genomic analyses for Cx. tarsalis, but some progress has been made with the development of a genetic linkage map (Venkatesan et al. 2009 ). In addition, a population genetic analysis across the entire western U.S. identified three genetically distinct populations using 12 microsatellite markers: the Pacific, Sonoran, and Midwest genetic clusters (Venkatesan and Rasgon 2010) .
Here we describe the first publicly available genome assembly for Cx. tarsalis. The assembly is based on PacBio HiFi reads from a single adult male and 10X genomic data was used for assembly of the Mitochondrial genome. This resource will facilitate the characterization of sex determination in the system, future landscape genetics/genomics, and additional phylogenetic studies among mosquito species.
Methods

Mosquitoes
All Cx. tarsalis used for the genome assembly were sampled from the Kern National Wildlife Refuge (KNWR) colony, which was established in 2002 from mosquitoes collected at the Kern National Wildlife Refuge (35.7458°N, 118.6179°W), in Kern County, CA, USA. For PacBio sequencing, high molecular weight (HMW) DNA was extracted at the UC Berkeley DNA Sequencing Facility from a single male adult. For 10X genomics library preparation, HMW DNA was extracted by the UC Davis DNA Technologies Core from two late-eclosing, relatively large pupae (likely female). Two pupae were used for 10X because DNA yields were too low from a single individual. In addition, DNA from a single adult male was used to make a Nextera library (Illumina) for standard genome sequencing with paired-end 75bp reads.
Pacbio genome assembly
PacBio sequencing was performed on a Sequel II SMRT cell at the UC Berkeley sequencing core. Circular consensus sequences (CCS) were then generated and filtered with high stringency to get HiFi CCS reads. We generated an initial genome assembly using Canu v1.9 with the following settings: genomeSize=0.875g, useGrid=false. The genome coverage was low, but because these were HiFi reads, we reduced the standard minimum coverage thresholds with the following options: stopOnLowCoverage=1, contigFilter="2 0 1.0 0.5 0". The Pacbio mitochondrial contig appeared to be two full mitochondrial genomes stuck end to end. As a result, we removed this contig and replaced it with the full mitochondrial genome generated from the 10X assembly. Then we performed two rounds of genome polishing using racon (v1.4.3) and 75bp Nextera reads (Illumina) from a single adult male from the KNWR colony. Annotations were performed using Maker (v.2.31.10) with the Culex tarsalis transcriptome (Ribeiro et al. 2018) and Cx. quinquefasciatus protein sequences (CpipJ2.4). The mitochondrial genome was annotated using DOGMA (Wyman et al. 2004) . Repeat masking was performed in parallel using the maker annotation pipeline. As input, we used the standard RepBase database (RepBaseRepeatMaskerEdition-20170127) and a Cx. tarsalis-specific repeat library that was generated using RepeatModeler (v1.0.11).
10X linked-read genome assembly
The HMW DNA extraction, 10X Genomics Chromium sequencing library, and Illumina sequencing was performed at the UC Davis DNA Technologies Core. Raw linked reads were assembled using the Supernova 2.0.1 software (10X Genomics) on an AWS instance with 480Gb on RAM and 64 logical cores. To generate a fasta formatted reference sequence, we used supernova mkoutput with --style=pseudohap. This option arbitrarily selects haplotypes across the genome resulting in one pseudo-haploid assembly composed of a mosaic of paternal and maternal haplotype stretches.
Phylogenetic analyses
The mitochondrial analysis included 15,164bp of mitochondrial sequence from Cx. tarsalis (CtarK1, this study), Cx. quinquefasciatus (GU188856.2), Anopheles gambiae (PEST), Aedes aegypti (NC_035159.1), Aedes albopictus (AaloF1), and Drosophila melanogaster (r6.29). The evolutionary analysis was performed using MEGA X (Kumar et al. 2018) . A multiple-species alignment was generated with Multiple Sequence Comparison by Log-Expectation (MUSCLE) using default parameters. The timetree was then inferred using the Reltime method (Tamura et al. 2012; Kumar et al. 2018 ) and the Tamura-Nei model (Tamura and Nei 1993) . The timetree was computed using published calibration constraints: 71 +/-32 million years ago (MYA) for Aedes species, 179 +/-33 MYA between Culex and Aedes, 217 +/-37 MYA between Culex and Anopheles, and 260 +/-30 MYA between Drosophila and mosquitoes (Chen et al. 2015) . All clades with priors were considered monophyletic.
Results and Discussion
Genome assembly
The PacBio library generated from a single adult male Cx. tarsalis was sequenced on the Sequel II platform and yielded 5.7M raw reads and 988,512 ccs HiFi reads. The HiFi reads were used to assemble a draft assembly using Canu with reduced filtering thresholds (see methods). This resulted in 19,994 contigs and a total genome size of 800M (Quast v5.0.2). The N50 was 58,695bp, the GC content was 36% and the largest contig was 756,557bp (Table 1) . To assess the quality of the CtarK1 assembly, we searched for the presence of 2799 Benchmarking Universal Single-Copy Orthologs (BUSCO) genes (Zdobnov et al. 2017) using BUSCO (v3) (Waterhouse et al. 2018) . Using this approach, we detected 71.5% (2000/2799) as complete single copy genes, 8.2% (229/2799) as complete and duplicated, and 5.3% (149/2799) were fragmented. Improving the genome completeness and performing genetic scaffolding (e.g. with Hi-C) is needed to make CtarK1 comparable in quality to other mosquito genomes (Figure 1) . The 10X chromium library was sequenced on Illumina's Novaseq platform, yielding approximately 507 million clusters passing filter. Based on several trial assemblies, we downsampled the total read input to 350 million paired-end reads to yield approximately 56x coverage. A contig containing the complete mitochondrial genome was then identified and redundant sequence (due to circular genome) was trimmed at each end of the contig.
Genome annotation
We identified 15,682 genes in this assembly version using the maker annotation pipeline (see methods). This is approximately 4k fewer genes (79%) than Cx. quinquefasciatus (Table 1) . As the BUSCO score was 71.5%, the genome size may increase significantly in later versions. Repetitive elements were annotated in parallel using RepeatMasker and a custom repeat library. In total, approximately 60% of CtarK1 was annotated as a repeat feature. This is double the estimate from Cx. quinquefasciatus (Arensburger et al. 2010) , indicating that the Cx. tarsalis-specific genome expansion (800Mb vs 579Mb) is mostly composed of transposable elements. 
Phylogenetic analysis
Based on multiple-species alignments of complete mitochondrial genomes (~15kb), we estimated the divergence time between Cx. tarsalis and Cx. quinquefasciatus to be approximately 13MYA (95% Credible Interval = 9-16; Figure 2 ). The relatively recent divergence estimate compared to the the Aedes species is notable and thus it will be important to compare this estimate with whole genome comparisons. The closer phylogenetic relationship between Culex tarsalis and Aedes mosquitoes compared to Anopheles is consistent with previous genome-wide estimates (Severson and Behura 2012) .
Conclusions
Here, we present the first genome assembly and genomic analysis for Cx. tarsalis. Based on full mitochondrial genome alignments, we estimate that Cx. tarsalis diverged from Cx. quinquefasciatus approximately 13 MYA, well after the last common ancestor between Aedes albopictus and Aedes aegypti. Phylogenetic analyses based on whole genome alignments are still needed to improve these estimates. The Cx. tarsalis genome (793Mb) is 37% larger than the Cx. quinquefasciatus genome (578Mb), and this difference appears to be mostly composed of transposable elements. Future work will include comparative genomics within Culex versus among Anopheles species (Neafsey et al. 2015) , with a particular focus on genes involved in diapause. Cx. tarsalis is a well-studied species that is now wide open for basic genetic studies and landscape genomics.
